AND CONCLUSIONS
INTRODUCTION
Coriolis forces generated by movements in a rotating environment can serve as a way of studying the influence of transient perturbations on limb movement control without providing mechanical contact with the limb. Coriolis forces are proportional to limb velocity [ Coriolis force (Fcor) = -2m ( w X v), where m is the mass of the arm (or any other object), w is the angular velocity of the rotating environment in radians, and 21 is the linear velocity of the arm]. This means that there is not a Coriolis force acting at the very beginning or at the very end of a limb movement, but during motion a Coriolis force orthogonal and proportional to v is generated (see Fig.  IA ). Such forces are inertial ones that act without physical contact. Local contact, if present, necessarily activates a variety of somatosensory and mechanoreceptors in the limb that potentially provide information about the nature of the perturbation. The use of Coriolis forces to perturb limb movements avoids this and permits the study of how natural, unencumbered movements respond to transient perturbations of trajectory.
Recently we demonstrated that when subjects who are in a fully enclosed room rotating at 10 rpm reach out to touch targets, the subjects show substantial movement curvature and miss the desired target position by a large amount, both deviations being in the direction of the Coriolis force generated during the reaching movements. Within -10 reaches, subjects adapt almost completely and move in straight paths to the target location (Lackner and DiZio 1994) . Adaptation occurs even when subjects are denied both sight of their movements and cutaneous texture cues about the target (a light-emitting diode embedded from below in a smooth Plexiglas sheet). When rotation ceases, subjects again make reaching errors with the adapted arm. Endpoints and movement paths are initially deviated in the direction opposite the Coriolis forces that had been present during rotation, and then readaptation restores a straight accurate reach to the target. Figure 1 , B and C, illustrates the initial effects Coriolis forces have on movement endpoints and trajectories as well as the pattern of adaptation and aftereffects.
In the present experiment we address the issue of whether adaptation to Coriolis forces achieved with one arm would transfer to the other arm. We were attempting to determine what is "learned" and whether this would generalize to other limbs. For example, it could be the case that only sensorymotor programming of movements of the exposed arm is remapped, or by contrast that the altered inertial characteristics of the environment per se are identified and lead to a generalized reprogramming of all body movements, or bilateral symmetry of the two arms could result in partial transfer of adaptation.
METHODS

Subjects
Ten individuals participated after having given informed consent. They were without sensory or motor impairments that could have influenced their performance in the test situation. Apparatus During testing, a subject was seated at the center of the Graybiel Laboratory slow rotation room (SRR) in a chair with a contoured headrest that prevented head movements. The SRR is a fully enclosed circular chamber 22 ft diam and 7.5 ft in height. A horizontal surface made of Plexiglas projected forward at the level of the subject's waist. A microswitch was located on this surface in the subject's midline, near the torso. When the subject depressed the switch a light-emitting diode implanted in the surface from its underside, 30 cm straight ahead, was illuminated and served as the target for pointing during the experiment. When the subject lifted the finger to point, the target was extinguished. Finger contact with the surface provided no cues about the location of the target. A WATSMART video analysis system was used to record reaching movements. Fingertip position was sampled at 100 Hz, with an accuracy and resolution <2 mm.
Procedure
The experiment was divided into prerotation, perrotation, and postrotation components. The prerotation period was used to measure baseline pointing accuracy for the two arms. It involved 24 reaching movements to the target with each arm in alternate sets of 8 movements starting with the right arm. The perrotation period involved 80 reaching movements, in sets of 8, using only the right arm. The left arm was not voluntarily moved at all during rotation. The postrotation period involved 24 movements of each arm in alternating sets of 8 movements beginning with the left arm. Eight subjects followed the sequence just described and two additional subjects began the postrotary reaching sets with the right arm. Before beginning, the subjects remained motionless for the period it would have taken to make the skipped set of eight with the left hand. This was to confirm and extend our previous observations (Lackner and DiZio 1994) about the aftereffects produced in the exposed arm by persistence of adaptation when rotation has ceased. At the beginning of the experiment, the subject was told to point to the target in a single natural movement, to correct the movement while underway if necessary but not to stop or slow down to do so, and to return the arm in the air slowly to the start switch. After several practice movements with each arm, the room lights were extinguished and remained out for the duration of the experiment except during the rest periods between sets of eight reaches. On completion of the prerotation reaches, the SRR was accelerated at lo/s2 to a constant velocity of 6O"/s counterclockwise.
Two minutes were allowed to elapse at constant velocity before the subject began reaching movements so that the horizontal semicircular canals would be back at their resting discharge levels. Because the room was rotating counterclockwise, the Coriolis forces generated during reaching movements were rightward with respect to the subject. On deceleration to rest after the perrotation movements, an additional 2 min were allowed to elapse before the postrotation pointing movements were made.
Analysis
The lateral endpoint of each reaching movement was determined as well as the peak deviation of the hand trajectory from a straight line movement of the pointing fingertip to the target in the horizontal plane. The latter will be referred to as curvature. In addition, movement distance and peak tangential velocity were computed. The last eight movements in the prerotation period for each arm were averaged to serve as baselines with which to compare later movements. The first 40 and last 8 perrotation movements were also analyzed, the last 8 being averaged to serve as an indication of the adaptation achieved with the right arm. The 40 postrotation movements were all analyzed as well.
Statistical evaluations were planned to address specific issues.
Lateral Endpoint Curvature comparisons presented in the subsections below were made with-Scheffe contrasts (cu = 0.05). The only comparisons made for the left hand were between the prerotation baseline reaches and the initial postrotation reaches, so paired t-tests were employed. On their first perrotation reach, every subject showed an increase of movement curvature, 21 mm, and a deviation of movement endpoint, 27 mm, in the direction of the Coriolis force acting during the movement. These deviations from the prerotation baseline values of the right arm were highly were made with the results of our previous ments where the exposed arm was tested immediately postrotation, to see how the arm that had been adapted to Coriolis forces was affected bY readaptation of the nonexposed arm. Comparisons were made for the lateral endpoints of the movements, the curvatures, peak velocities, and total distances.
RESULTS
Prerotation reaches
Subjects made nearly straight reaches toward the target position with both the right and the left arms. Right-handed reaches were convex to the left by 4 mm and left-handed ones to the right by 4 mm. Right-handed reaches ended on average 14 mm to the left of the target and left-handed reaches ended on average 12 mm to the right. Both undershot the target by -25 mm. The peak velocities of left-and righthanded reaches were 947 t 167 (SD) mm/s and 93 1 t 205 (SD) mm/s, respectively, in the prerotation baseline period. Neither movement distance nor peak velocity changed significantly throughout the experiment.
The experimental findings for lateral endpoint and path curvature for the baseline prerotation, initial per-rotation, final perrotation, and initial postrotation movements are presented in Fig. 2 . The movement trajectories, viewed from above, are shown in Fig. 3 . Analysis of variance indicated significant differences among the prerotation, initial perrotation, final per-rotation, and initial postrotation endpoints of reaches made with the right hand [F( 3,28 Postrotation reaches Eight subjects made the first eight postrotation movements with the left arm, the next eight movements with the right arm, and so on. In this group, every subject's first reach with the left arm showed substantial deviation in lateral endpoint in the direction opposite the Coriolis forces that had acted on the right arm during rotation. The average deviation ( 17 mm) was highly significant in relation to the prerotation baseline values of the left arm (t = 2.94, P = 0.0107). However, the curvature of the initial postrotation movement was not significantly different than baseline. This means that postrotation, the subjects made straight reaches with the left arm to the wrong location. In other words, the transfer of adaptation was confined to endpoint and was not manifest in the movement path. With subsequent movements of the left arm, subjects pointed more and more accurately to the target position, always moving in a straight line.
When they switched to the right arm for the second postrotary set, subjects showed no endpoint deviations relative to baseline; however, their trajectories were significantly curved (26 mm) to the left relative to baseline trajectories (Fig. 3A, Zeft) . That is, postrotary reaches with the right hand, made after a set of postrotary left-handed reaches, went to the correct location via a curved path. By contrast, the two subjects who made the first eight postrotary movements with the right arm showed deviations of both the endpoints and curvatures of the initial postrotary reaches in the direction opposite the Coriolis forces generated during rotation. We expected the latter from the results of several previous experiments (compare Figs. 1 B and 3B ). This means that postrotary readaptation of the arm that was used during rotation was influenced by prior postrotary movements of the arm that had been immobile during rotation, but that the influence was confined to movement endpoint and not movement curvature 1 (Fig. 4) .
DISCUSSION
Equilibrium position models of movement planning provide a way of avoiding the need to compute the inverse dynamics associated with a movement trajectory and of theoretically unifying the control of movement and posture (Bizzi et al. 1976 (Bizzi et al. , 1984 (Bizzi et al. , 1992 Feldman 1966a Feldman ,b, 1986 . Such models, if applicable to mammalian biological systems, would considerably simplify the problems the nervous system has to solve to control movement. One of the key predictions of the models is that transient perturbations of limb movement trajectory should not disturb movement endpoints. Our present results, in conjunction with our earlier observations (Lackner and DiZio 1994)) indicate that transient inertial perturbations of ' An anonymous reviewer raised the interesting possibility that the endpoint adaptation in our experiment might be related to an axial rotation of the trunk. If this occurred, it would also explain why there was transfer of endpoint compensation to the arm not used during rotation. To investigate this possibility, we tested four additional subjects, using the identical experimental paradigm but also recording the positions of the left and right acromion processes in relation to the sternum. This permits us to compute shoulder orientation.
The finger endpoint findings replicate our original observations.
There were no significant changes in shoulder orientations and displacements related to the acquisition or to the decay of endpoint adaptation. Figure 4 presents the experimental findings.
reaches (Coriolis forces) not involving mechanical contact with the arm do in fact create large endpoint errors. However, with repeated reaches, adaptation rapidly occurs so that movement trajectories become straighter and endpoints more accurate. Interestingly, our results here show that transfer of adaptation to the nonexposed arm occurs, but only transfer of the movement endpoint compensation and not of the movement path compensation achieved with the adapted arm. As a consequence, subjects reach in a straight line to the wrong place in the initial postrotation movements with the left arm (see Fig. 3 ). This means that the adaptation achieved with the right arm, which involves restoration of straight line paths and accurate endpoints by means of compensatory innervations appropriate to cancel the effects of the Coriolis force during movement, is fragmented during transfer. Put differently, movement and posture are independently implemented. Such a dissociation is possible under either equilibrium point control or with a mechanism that involves inverse dynamics calculations. However, separate representation of posture and movement requires complex representations and calculations, precisely those kinds of computations from which equilibrium point control is supposed to relieve the nervous system. Postrotation, repeated movements of the left arm led to restoration of prerotation movement endpoint accuracy and this affected as well the endpoints of the movements subsequently made with the right arm so that they were also accurate. However, the trajectory adaptation achieved with the right arm during rotation was still manifest in the initial postrotation pointing movements with the right arm (subjects reached with a curved movement path to the correct place), further emphasizing the dual separate implementations of movement path and movement terminus.
During the experiment, our subjects were denied visual and tactile information about the movement trajectory and whether they accurately reached the target location. Consequently the subjects had to adjust their motor commands to compensate for the Coriolis forces on the basis of comparisons between kinematic plans and proprioceptive feedback about what actually occurred. The experimental data point to the existence of two separable feedback systems in the adaptation process. One involves comparisons between the desired and actual shape of movement independently of intrinsic or extrinsic positional accuracy, and the other involves comparisons of position. A velocity signal could theoretically encode shape without position, and such a signal can in principle be extracted from muscle spindle primary signals in relation to secondary signals and command signals (cf. Matthews 1988) . Thus muscle spindle primary and secondary afferent signals could be differentially involved in the two systems. This viewpoint is consistent with the idea that minimization of jerk or acceleration underlies trajectory formation (Flash and Hogan 1985; Hollerbach and Atkeson 1987) . It is not consistent with the idea that muscle torque is minimized in trajectory formation (Uno et al. 1989) ) because straight movements in nonrotating and in rotating environments involve different torques ( see also Ghez et al. 1990 ).
The fact that motor adaptation of movement shape did not transfer from one arm to the other means the system that implements movement trajectory and receives feedback about movement velocity may involve relatively peripheral neural networks that are separately associated with the arms and represent limb-specific characteristics, such as moments of inertia and muscle dynamics. That endpoint compensation did transfer to the unexposed arm means that the neural circuitry for realizing a planned endpoint is relatively central, can be related to both arms, and may be involved in representation of general constraints on movement, such as the current gravitoinertial force background or egocentric direction. These conclusions are consistent with recent neurophysiological demonstrations of distributed cortical representations of movement direction and static and dynamic movement force components (Georgopoulos et al. 1992) . In summary, the use of inertial perturbations of arm trajectory is an ideal way of studying arm movement control because it eliminates the confound of tactile mechanical cues that convey direct information about the nature of the obstruction. The use of trained monkeys with deafferented limbs fails to avoid this problem. Mechanically obstructing a deafferented limb generates reaction torques throughout the body that provide spatially relevant activation of nondeafferented receptor systems, a relationship to which the animal may become attuned during the extensive postsurgical training required to relearn the experimental reaching task. Our Coriolis force paradigm is a direct way of evaluating various theories of movement control. It shows in particular that movement trajectory is normally monitored quite accurately and that proprioceptive information about deviations from intended movement trajectory can be used to rapidly update movement control. Such proprioceptive information likely is derived from muscle spindle signals and efferent monitoring of motor commands (cf. Lackner and DiZio 1994; Matthews 1988) . Our observations are best handled within ' 'forward' ' models of movement control (Jordan and Rumelhart 1992; Jordan et al. 1994; Kawato et al. 1987; Lackner and DiZio 1994) . Updating begins as soon as the next movement, perhaps even in the course of the first perturbed movement. Our findings. also show independent representations of movement and of posture.
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